Geochemical sediment of the tropical Pinang River, Malaysia was carried out with the aim at documenting elemental concentrations and pollution level assessment. Concentration of selected heavy metals (Cu, Cd, Cr, Pb, Zn and Mn), rare earth elements, TOC and grain size distribution of sediments were determined at 100 m sampling interval along the river. Sediment size showed a positive correlation with ƩREE and Mn and medium correlations with TOC, Zn, Cu, Cr and Pb contents showing enrichment in the clay size fraction. Results of enrichment factor and geoaccumulation index showed that most of the elemental sources were natural (especially REE) and mostly likely represented background values. However, pollution load index revealed the higher levels of Cr, Cd, Zn and Pb, and, therefore, indicating to the anthropogenic sources (i.e. fishing activities) especially in the downstream locations. Thus, the Pinang River is classified as moderately to highly polluted.
Introduction
Heavy metals and rare earths elements (REEs) are potentially toxic inorganic substances in the environment. Persistence and bioaccumulation of such elements may reach a certain threshold of toxicity to aquatic life and therefore, to the food chain systems [1] - [4] . River sediments carry potential of being repository of metals and may serve as a sink first by sorption of metals from the water column [3] and then as a source at elevated levels under the varying conditions (e.g. pH, Eh, temperature). Generally, heavy metals and REE are added to the riverine system by natural processes such as rock weathering, volcanic eruption and long distance atmospheric dust [5] . However, in recent times, the major source of metals is related to the human activities including industry, agriculture, urban development and waste discharge [1] [6] [7] .
Rare earth elements are being widely exploited due to the ever rising demand in modern gadgetry manufacturing such as magnet, catalyst, alloy, glasses, and related electronics [8] . Particularly at risk are the benthic communities that accumulate the toxic contents in sediments and transfer them to the higher trophic level [3] [9] . Thus, the health of living organisms on higher trophic level of food chain in aquatic and terrestrial ecosystems (e.g. human) will be affected as most protein sources of human are derived from aquatic ecosystems [2] [9] [10] . River and estuarine sediments can be used to assess the pollution level of heavy metals and REEs as the surface sediments interact with water column and record the depositional pollution history [11] .
Pinang River is one of the seven most contaminated river basins in Malaysia and is classified as Class-IV by the Interim National Water Quality Standards for Malaysia [12] [13] . Mostly the wastewater discharges do not undergo appropriated water treatment. Land cover and land use change have also enhanced the removal, transport and accumulation of metals in sediments. The shore has been extended outwards through successive land reclamation which has moved the estuary seaward and the resultant changes of saline water intrusion during high tides which may affect the distribution of heavy metals and REE [14] . In tropical settings (marked by high rainfall and temperature), the contaminated river sediments pose even greater risk of becoming the secondary source of pollutants to the ocean as it may re-dissolve back from sediments into water column via remobilization through disturbance of physical, chemical and biological process. This work is important because Penang River provides many services such as drinking water, source of proteins (e.g. fish), transportation, agriculture, electricity generation and tourism. The primary aim of this study is, therefore, to determine the concentration of heavy metals and rare earth elements in surficial sediments of Penang River, and to assess the pollution level by using enrichment factor (EF) and Index of Geoaccumulation (I geo ).
Material and Methods

Study Area
Pinang River is located in the northeast of Penang Island, Malaysia, as shown in Figure 1 . Pinang River meanders and flows eastward into the sea and is the sub-basin of the larger Pinang River basin (total area ~50.97 km 2 ; length ~3.1 km) [15] . Headwaters of Penang River drain hilly granitic rock which is island's bedrock. Middle and lower catchment areas consist of Quaternary deposits (clay, silt, sand, peat and minor gravel). The highest peak is 833 m ASL located in the north of island. Study area experiences tropical rainforest climate with average annual rainfall of 2670 mm and average annual air temperature of 27˚C. Transport and deposition of dust particles by wind from perennial but transient forest fires create haze and is a source of atmospheric input of elements.
Sampling
Sampling cruises were made aboard the research vessel that also served as sample processing platform. Surface sediments (0 -10 cm depth) were collected with an interval of 100 m in July 2013 from 24 locations (Figure 1 ) using Ponar grab that minimized the fine sediments from being washed out by water. The systematic sampling campaign allowed not missing any hotspots that might contain extreme level of potentially toxic metals. Distance between the upstream sampling station and the downstream station was less than 3 km. Sampling locations were recorded using Global Positioning System (GPS) and in-situ data included pH, EC and other parameters (e.g. temperature) using Quanta Hydrolab. The apparatus used were soaked in 10% of nitric acid overnight and rinsed with distilled water for sampling and laboratory analysis as per QA/QC program (EPA, 1997). Buffer solutions (pH 3, 7 and 10) were used in calibration for Quanta hydrolab.
Analytical
Sediment samples were dried at 60˚C in a clean oven for one week. Coarse debris and gravel in the sample were removed manually. The dried sediments samples were used to determine the concentration of heavy metals, REEs, TOC and grain size of sediments. For the total digestion about 50 mg of sample was transferred into the Teflon cup along with 2 mL of mixed acids of HNO 3 , HCl and HF in the ratio of 3:3:1, respectively. The Teflon cup was enclosed in a pressure bomb and heated at 100˚C for 7 hours until a clear solution without residue obtained. After cooling down, sample was brought to volume of 10 mL using Milli-Q water (18.2 MΩ·cm). Concentration of heavy metals and REE were then measured by the multi-elements technique using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Method EPA 6020A; EPA, 2007).
Precautions were taken and appropriate procedures were followed as part of the QA/QC program throughout the analysis. Blank solution was prepared which only contained reagent to assess the impurity. Standard Reference Material (SRM-1646a) of sediments was used in the recovery test by comparing the measured values with the certified values to ensure accuracy. Recovery of analysis varied from 83% to 108% depending upon the metal as shown in Table 1 .
The organic carbon content (TOC) was determined in a 0.5 g of sample, avoiding contact with iron or steel, by wet oxidation and digestion by the Walkley-Black method. Oxidisable matter in the sediment was oxidised by 10.0 mL of 1N potassium dichromate (K 2 Cr 2 O 7 ) solution. The reaction was assisted by the heat generated when two volumes of concentrated sulphuric acid (H 2 SO 4 ) was mixed with one volume of the dichromate. The remaining dichromate was titrated with ferrous sulphate (Fe 2 SO 4 ·7H 2 O). The titre is inversely related to the amount of carbon present in the sediment sample.
For the grain size analysis, sediment samples were oven dried (105˚C for 24 hours) and about 200 g of sample was passed through 14 different mesh size sieves arranged consecutively downward from 4000 µm to <63 µm. For the fine fraction (<63 µm), about 2 g of sample was diluted with distilled water and 10% of Calgon solution (Na 6 P 6 O 18 ) was added to disperse bonded particles in sediments. The grain size sediments of sediments were analysed using laser Particle Size Analyzer (PSA). Statistical analysis was carried out using SPSS software. Geographical Information System (GIS) was used to develop spatial variation maps. All data is reported as dry weight of sediments.
Results
Physico-Chemical Parameters
In situ measurements of water column (bottom layer) included several parameters such as pH which ranged from 6.91 to 8.15, DO from 0.13 to 4.92 mg/L and salinity from 15.6‰ to 30.81‰. Upstream sampling locations (P1 to P11) registered sand size (63 -2000 µm) fraction only (Figure 2) . The highest proportion of silt size (4 -63 µm) was found at P23 (81.39%) while for clay grain size (<4 µm) is found in P21 (4.72%). The average mean size of sediments of all sampling stations was 2.625 ɸ. Grain size generally decreased from the upstream towards the river mouth. Clay size fraction is less than 5%.
TOC ranged from 5.33% at P10 to 0.36% at P4 with mean value of 2.16%. TOC contents remained nearly unchanged at the upstream locations (P1 to P9; <1%) but increased sharply at P10 and then remained consistent before gradually decreasing closer to the estuary. TOC (%) in Pinang River is higher than the Langat River, Yangtze River and Pearl River [1] [16] indicating higher input under the tropical environment.
Heavy Metals
Concentrations of Cd, Cr, Cu, Mn, Pb and Zn in surficial sediments are given in Table 2 and spatial distribution maps are shown in 30%   40%   50%   60%   70%   80%   90%   100%   P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23 P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23 . The highest Mn contents were recorded location, P24, which is close to the estuary. Mn contents showed high correlation with mean fine size sediments (r = 0.83) and Zn, Cu, Cr and Pb showed medium correlation with (r = 0.64), (r = 0.62), (r = 0.41) and (r = 0.52) respectively. Cd showed a week correlation with mean sediments size (r = 0.37). Strong correlation between Zn and Cu (0.87) points to the same source which is probably anti-fouling paints contain about 15% -30% of metals [17] [18] .
TOC showed a medium to strong correlations with studied metals, Zn (r = 0.71), Cu (r = 0.70), Pb (r = 0.63), Mn (r = 0.51), Cd (r = 0.45). TOC such as humic substances and fulvic acid provides absorption, ion exchange and forms complex (chelate compound) with metal re-deposition process [19] [20] . Synergic effect between fine sediments and TOC provide larger cation exchange capacities and higher surface to volume ratio for absorption process of metals ion in water column [1] [21].
REE
Concentration of REE and related statistical data in surficial sediments of Pinang River is shown in Table 3 . . In general, the downstream locations registered higher concentration of ƩREE compared to the upstream locations. The sum of light REE (ƩLREE; La-Eu) contents of sediments was measured to be 16069.3 µg·kg −1 with the mean value of 669.6 µg·kg Both grain size and TOC contents of sediments showed a positive correlation with ƩREE, r = 0.82 and r = 0.70, respectively, and various metals (e.g. Zn) suggesting important controlling factors of metal distributions ( Figure 5 ). This observation is in agreement with findings of river sediments of Brahmaputra River [22] . Coarser sediments tend to contain higher fraction of quartz, carbonate and feldspar and lower contents of mafic minerals [23] . Also, finer grain sizes has higher surface to volume ratio and clay minerals and, therefore, higher capacity of absorption of REE ions [24] . Downstream zone tends to have higher ƩREE which may also due to high proportion of heavy minerals (e.g. zircon, monazite). Dissolved REE ions are removed from water column by sorption on to suspended particles and sediments coated with Fe and Mnoxyhydroxides [24] . Organic matter contains humic substances which provide high affinity for REE ion especially at near-neutral pH aquatic environments [24] . Compared to upper catchment, downstream zone has high percentage of TOC possibly due to continuous supply and accumulation of organic matter from terrestrial, urban runoff, untreated waste effluent.
Discussion
Texturally river sediments are classified as silt-sand and the sand size (>2000 µm) fraction decreases towards river mouth. Upstream locations tend to have coarser grain size sediments due the removal of fine particles and deposition towards downstream locations deepening upon hydraulic energy and gradient. Tropical rain events are intense and significantly remove fine sediments to the sea.
Mn concentration increased gradually towards the river mouth. Downstream zone contains higher fraction of fine sediments and potentially provides larger binding sites for dissolved Mn ions in water column [20] . Moreover, downstream river water registered higher DO (up to 4.39 mg/L) and pH (up to 8.15 ) that leads to precipitation of dissolved Mn 2+ on surficial sediments under oxide environment. Highest concentrations of Cu and Cd were determined at location P12 closer to the jetty. The input is most likely due to the fishing boat activities such as fish delivering, leakage of petrol and lubricant as well as antifouling paint residue [17] [25] . Besides, effluents from industrial activities such as metal plating and vehicle waste, and fuel leakage might cause addition of metals including Cu [26] . The highest content of Pb was found at location P17 which is closer to the industrial area (i.e. cable, paint and battery) and possibly the source of elevated levels of metals. An average Zn concentration of 130.6 µg·g −1 is 2.5 times above the 52 µg·g −1 value [27] of upper continental crust. Housing area at downstream zone was observed and suggested that wastewater such as shampoo and detergent [28] discharged from urban activities might be the factor of Zn inputs in sediments. About 2 -7 fold higher concentration of Zn was observed in the study area compared to Terengganu River, Port Klang and Kelantan River in Malaysia. Heavy metal concentration changes showed more or less three distinct trends along the river flow path (Figure 6) . Zn, Pb, Cu and Cd all registered lower concentrations in the upstream than the downstream locations. Cr concentration was higher at upstream and downstream locations but much lower in the middle catchment of the river. Mn concentration systematically increased along the river with the higher values close to the estuary pointing to precipitation and/or adsorption onto sediments.
The order of abundance of REEs in sediments was observed to be Sc > Ce > La > Nd > Y > Pr > Sm > Gd > Dy > Yb > Er > Eu > Tb > Ho > Tm > Lu. The enrichment of LREE over HREE and nearly flat pattern of P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23 P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23 P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22  P23 HREE is shown in Figure 7 of Chondrite normalized concentrations. The various patterns of chondrite normalized REEs point to the origin and in situ processes of enrichment or depletion. Chondrite meteorite composition was used to normalize REEs as it represents the primordial earth and also considering the granitoids as the dominant at the study area. A similar pattern was reported in Terengganu River Basin [29] and marine sediments of the South China Sea [30] . Slightly positive Ce anomaly and negative Eu anomaly was also observed. ƩLREE is more abundant as compared to ƩHREE with an average ƩLREE/ƩHREE ratio of 18.0. Estuarine environment have higher content of carbonate that leads to the enrichment ƩLREE in surficial sediments [32] . The mean value of ƩREE (707.0 ug·kg −1 ) in Pinang River sediments is observed to be lower than UCC [27] which suggested low contents of REE containing rare earth mineral inputs. Ratio of (La/Yb) N ranged from 4.06 to 51.3 with the mean value of 25.6. Higher (La/Yb) N ratio with Eu anomaly also suggests sediment source of granite. River sediments showed a slightly positive Ce anomaly, 1.63, mostly likely due to the change of soluble Ce (III) into insoluble Ce (IV) in water column under oxidizing conditions. In general, sediment Ce anomaly decreased towards estuary. Under the prevailing pH-redox conditions, the insoluble Eu (II) tends to form soluble Eu (III), hence change in Eu anomaly from upstream to the downstream.
A multivariate assessment of surface sediments contamination included determination of enrichment factor (EF), Index of Geoaccumulation (I geo ) and Pollution Load Index (PLI). Assessments were calculated using upper continental crust (UCC) values of elements as background.
For Enrichment Factor (EF) calculation, Li was used a reference element to normalize the metal concentrations. Concentration of Li showed a positive correlation with mean sediment grain size and most of the metals measured. EF was used to estimate whether metal input is natural or anthropogenic An EF value of less than 2.0 is considered natural. The EF is calculated as presented by Buat-Menard and Chesselet [33] :
where, P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18  P19  P20  P21  P22 P23 P24 Figure 7 . Chondrite-normalized REE patterns of the surface sediments of Pinang River. Chondrite values are after Anders and Grevesse [31] .
EF value followed order Cd > Zn > Cr > Pb > Cu > Mn. The moderate anthropogenic of metal Cd at P2 (2.43), P4 (2.67), P9 (3.01), P12 (4.16), P13 (4.56), P20 (2.28), P22 (4.29) might relate to local point discharge. EF for REE was less than 2 and therefore, all sources of REE are natural. Anthropogenic enrichment of REE is mainly caused by ore mining activities and through observation the Pinang River catchments do not have mining activities.
Geo-accumulation Index (I geo ) is used to assess the quality of sediments [34] and is calculated by the following formula: 2 Cn log 1.5Bn
Where, Cn is concentrations of a heavy metal element in the sample, Bn is background value, 1.5 is the correction factor.
An I geo value of ≥1 is considered unpolluted to moderate level. Pollution level of Cr (I geo = 2.1) showed moderately to strongly polluted and I geo Cd was found to be 1.54. The calculated I geo values followed the order of Cr > Cd > Zn > Pb > Cu > Mn.
Pollution load index (PLI) gives better understanding for the level of contamination of heavy metals [35] in coastal and estuarine surface sediments.
PLI is calculated as:
where, CF is contamination factor which (C) sample is concentration of metal in sample, (C) background is background value of the metal. "n" is the number of metals measured. The PLI varied from 0.60 to 3.09 (average ~1.44). A PLI value above 1 indicates contamination. Sampling station with PLI value above 1 are in the order of P12 > P17 > P18 > P20 > P14 > P19 > P21 > P16 > P22 > P13 > P24 > P23 were mostly found at the downstream of river. This might be caused by the higher anthropogenic input at downstream than the upstream and due to the accumulative build up in sediments (i.e. sink) of metals. Fishing activities were found at P12 and there are high possibilities of major sources of metals were derived from boat activities. Retention of metals in sediments is due to the multi factors including grain size, TOC and pH-redox conditions and when conditions change metals can become mobile (i.e. source) in the aquatic ecosystem.
Conclusions
Among the elements measured in surface sediments of Penang River, Cd, Cr, Zn and Pb concentrations were found to be significantly elevated and, therefore, might pose a threat to the aquatic ecosystem. A multivariate assessment indicated moderately to highly polluted levels of metals which are in agreement with overall river quality previously classified as degraded but without reporting of the elemental data. Serious issues of pollution are related to the site near jetty which possibly serves as a point source for metal enrichment to the sediment. Sources of rare earth elements are natural and no significant environmental issue was observed owing to the low anthropogenic inputs (i.e. mining).
Most of the metals, TOC, fine grain size fraction and ƩREE concentration showed a trend of increasing values from upstream towards the river mouth. It is most likely due to the hydraulic conditions caused by intense tropical rain events that remove and transport fine sediment particles from upper catchments (dominantly sand) to the downstream locations (silty sand texture).
Chondrite-normalized rare-earth elements (REE) patterns showed higher LREE as compared to HREE. Fine particles, TOC and high pH-redox conditions favor enrichment of metals close to the estuary as compared to the upstream river waters. Longer contact time of metal ions in the water column under low flow rate (downstream locations) retains metals on surface sediments resulting in elevated levels. Fine sediment size has higher ratio of surface area to volume than the coarser sediments and therefore, provides larger area of binding site. This work contributed by documenting the current levels of 22 elements so that any changes in future can be monitored and managed considering the Penang River catchment areas undergoing rapid urban development.
